Abstract There are currently few clinical strategies in place, which provide effective neuroprotection and repair, despite an intense international effort over the past decades. One possible explanation for this is that a deeper understanding is required of how endogenous mechanisms act to confer neuroprotection. This mini-review reports the proceedings of a recent workshop ''Neuroprotection and Neurorepair: New Strategies'' (Iguazu Falls, Misiones, Argentina, April 11-13, 2011, Satellite Symposium of the V Neurotoxicity Society Meeting, 2011) in which four areas of active research were identified to have the potential to generate new insights into this field. Topics discussed were (i) metallothionein and other multipotent neuroprotective molecules; (ii) oxidative stress and their signal mediated pathways in neuroregeneration; (iii) neurotoxins in glial cells, and (iv) drugs of abuse with neuroprotective effects.
Introduction
The central nervous system (CNS) is particularly vulnerable to injury and to a range of late onset degenerative conditions. Coupled with the limited ability of the neuronal population in the adult CNS to regenerate or to be replenished, this means that these conditions are particularly damaging to individuals and to society as a whole. It is salient to note that there are no effective treatments or cures neither for traumatic CNS injury nor for any of the major neurodegenerative diseases. It is perplexing that in some cases, the nature of the presumptive initiating agent is well known, for example, the aberrant proteins which appear to lie at the heart of familial versions of Alzheimer's disease, Parkinson's disease, and motor neurone disease (Brundin et al. 2010) . However, the way in which these proteins subsequently exert neurotoxicity is complicated by their impact on diverse downstream pathways including those associated with synaptic function, energy metabolism, and cytoprotective mechanisms (Saxena and Caroni 2011) . Furthermore, it is not clear why only some neuronal populations in the CNS are targeted, and why that population is different from disorder to disorder. A major gap in our current understanding is how the initiating factors, be they aberrant proteins, toxins or the sequelae of injury such as ischemia, interact with the endogenous protective mechanisms found in the CNS.
Topics related to these issues are discussed in this minireview, which arises from the proceedings of a recent workshop ''Neuroprotection and Neurorepair: New Strategies'' (Iguazu Falls, Misiones, Argentina, April 11-13, 2011, Satellite Symposium of the V Neurotoxicity Society Meeting). The focus of this meeting was the interaction of neurotoxic stimuli with the endogenous protective mechanisms found in the CNS, and how mechanisms such as oxidative stress relate to disease initiation and progression. One outcome was that the complexity of the disease process may need to be matched by future therapeutic agents which have the capacity to intervene at multiple points in the protective response of neural cells.
Endogenous Neuroprotective Molecules (AKW, GJG)
Many types of endogenous molecules which directly or indirectly contribute to neuroprotection have been identified, including growth factors, antioxidants, and transcription factors. An interesting observation is that many of these molecules have a broad specificity of action and appear to modulate more than one aspect of neural biology. For example, outcomes related to a given neuroprotective molecule or pathway might differ between different types or populations of neural cells, or they might be time dependent. One example of a neuroprotective molecule with wide ranging effects is metallothionein (specifically, metallothionein subtypes MT-I and MT-II which are hereafter referred to as MT), a relatively small, endogenous peptide which is expressed in the CNS and which is increased following injury or during neurodegeneration (Hidalgo et al. 2001) . Experiments based on MT-deficient mice, and on administration of MT to injury models in animals and cultured cells have shown that it is beneficial in a large range of scenarios (West et al. 2004 ), but its mechanism of action has been unclear. It is now known that MT has multiple strands of action, which encompass roles at intracellular loci and also following its release into the extracellular milieu. Furthermore, it is able to influence the response of both neurons and glial cells, and it may also have an effect on immune system cells. For example, MT promotes regenerative neuronal growth after injury (Chung et al. 2003) and separately, it improves neuronal survival in the face of a variety of neurotoxic insults (Ambjorn et al. 2008 )-for example, following Ab administration ). MT appears to do this by stimulating receptors of the lipoprotein receptor-related protein (LRP) family and triggering a pathway involving Erk1 and CREB activation (Ambjorn et al. 2008) . However, it also acts on glial cells to promote an environment favorable to regeneration. Extracellular MT is able to convert astrocytes to a reactive form, based on expression of GFAP and on morphology, but one which is pro-regenerative rather than the reactive form commonly associated with an inhibitory environment and the formation of glial scars (Leung et al. 2010) .
Similarly, extracellular MT reduces the inflammatory response of microglia following activation (Chung et al. 2009 ). These findings complement earlier work by Lynes' group, which showed that MT was able to act in a chemokine-like manner and to influence the migration of leukocytes (Yin et al. 2005) . These actions are additional to the well-characterized ability of intracellular MT to protect cells against toxic levels of heavy metal and against a broad range of agents, which induce oxidative stress. Thus, a single molecule appears to possess a spectrum of activities, which impinge on most of the cell types involved in neural biology and its disorders (Fig. 1) . It is interesting that MT expression is highly inducible from a low basal level in the brain, and for example, its expression peaks following physical injury in the rat cortex at about the time that the lesion environment tends toward one more permissive for neuronal survival and regenerative growth.
Metallothionein is likely to be only one of a number of molecules with a similar broad area of action, and proteins including HSP70, ACAP1, apolipoprotein E, and transthyretin, among others, also have been shown to have multiple modes of action. Furthermore, work with MTs and other proteins has highlighted their interactions with key receptor-mediated pathways, such as those activated by the LRP receptors which appear to be able to account for at least some of the neuroprotective properties exhibited by proteins of widely differing structures and abundances. It is pertinent to note that the neuroprotective actions of a single protein, such as MT, might be relatively minor and that the concerted actions of number of agents might be necessary to reach a threshold of significant neuroprotection following major neural injury. In this context, receptors such LRPs might act as moieties which integrate the input from stress-associated molecules and when a threshold is reached, activate intracellular pathways leading to neuroprotection. One corollary of this is that a successful therapeutic strategy for neuroprotection might require the development of treatments, which similarly have broad ranges of action, or are based on a combination of agents.
Over the last decade, several studies have unveiled the Janus face of microglial cells showing that these immune brain cells are not just ''basic killing and cleaning machines'' (M1) but can have also major neuroprotective and neurorepair functions (M2). The concept of M1 and M2 microglia is relatively recent (Salemi et al. 2011) (Fig. 2) . Fig. 1 The upregulation and release of metallothionein is a component of the astrocytic response to neural injury and disease. As well as exerting a protective intracellular role within astrocytes, MT is released and has a spectrum of actions on glial and neuronal cells which, in combination, results in the formation of an environment permissive for neuroprotection and regeneration Currently, there are two main hypotheses to explain the microglial involvement in neurodegenerative processes (Polazzi and Monti 2010) : The ''classic hypothesis'' utters that microglial activation induced by either genetic or environmental stimuli triggers neuroinflammation through microglia releasing neurotoxic agents such as proinflammatory cytokines and chemokines, reactive oxygen species (ROS), nitric oxide, and quinolinic acid leading ultimately to neuronal death and astroglial dysfunction (Dheen et al. 2007) . The second one is the ''microglial dysfunction hypothesis.'' Microglial neuroprotective functions decrease or disappear with aging (Streit 2006; von Bernhardi et al. 2010) , or during neurodegenerative diseases, neuronal loss mostly results from a lack of microglial neurotrophic and neuroprotective factors. These latter include various trophic factors including cytokines, antioxidants, neurotrophins and lysosomal enzymes and through the scavenging of toxic compounds such as proteinaceous aggregates and cell debris from dying neurons (Polazzi and Monti 2010) . After brain injury, microglia are activated within minutes (Nimmerjahn et al. 2005) . This brings the notion of timing and switch between M1 and M2 phenotypes, thus defining a ''protective time window.'' Some studies on ischemia and stroke have shown that microglia protect against ischemic neuronal damage and engage in close physical cell-cell contact with neurons in the damaged brain area. Microglia are neuroprotective even when applied up to 4 h after ischemia. However, pre-activated microglia (turned as M1 phenotype), or pharmacologically inhibited microglia result in a significant decrease of their neuroprotective functions (Neumann et al. 2006; Narantuya et al. 2010; Yenari et al. 2010) .
In acute brain injury such as trauma or stroke, activated microglia may initially have a key neuroprotective role; early anti-inflammatory treatments within the protective time window would therefore be paradoxically harmful.
Therapeutic strategies involving M2 microglia can be potentially considered (Rock and Peterson 2006) . For example, the identification and quantification of the neuroprotective factors released by microglia could potentially be used as a combination therapeutic strategy; or genetically modified autologous microglia (producing more neuroprotective factors) could represent another possible option.
Oxidative Stresses and Their Signal Mediated Pathways in Neuroregeneration (RR-V, EDB)
The formation of free radicals is a normal physiological event, essential for the central nervous system function in healthy people. Free radicals that are formed as by-products of metabolism include superoxide anion (O 2 -), H 2 O 2 , nitric oxide (NO), peroxynitrite (ONOO -), nitroxyl radical (N 2 O 2 ), and hydroxy radical (HO • ), and are collectively referred to as ROS or reactive nitrogen species. Their excessive production can disable key mitochondrial respiratory chain enzymes, alter DNA and DNA-associated proteins and inhibit sodium-potassium ATPase, generating oxidative and nitrosative stress, collectively conspiring to induce the metabolic collapse and subsequent necrotic or apoptotic death of the cell (Chiueh et al. 2000) . Oxidative and nitrosative stress has long been implicated in aging and age-associated disorders such as neurodegenerative diseases, for example, Parkinson's disease (PD) (Prediger et al. 2011; Danielson and Andersen 2008; Del-Bel et al. 2011) .
Free radical stress is related to many features of idiopathic PD, including overproduction and accumulation of misfolded proteins, accumulation of Lewy body-like intraneuronal inclusions and impairment of behavioral functions. The brain of PD patients displays an increase in the amount of lipid peroxidation products such as malondialdehyde (Dexter et al. 1989 ); evidence of protein nitration and oxidation as indicated by 3-nitrotyrosine accumulation within Lewy bodies; protein cross-linking and fragmentation as well as carbonyl group formation (Good et al. 1998) ; and the presence of 8-hydroxy-2-deoxyguanosine, a product of DNA oxidation (Alam et al. 1997 ). In PD, there is a reduction in the levels of the glutathione in the substantia nigra, resulting in a decrease in complex I activity and a marked reduction in overall mitochondrial function (Martin and Teismann 2009) . Iron accumulation in dopaminergic and glial cells in the substantia nigra may contribute to the generation of oxidative stress by an unclear mechanism. Consistent with these observations, an increase in the expression of an isoform of the divalent metal transporter 1 was described in the substantia nigra of PD patients (Salazar et al. 2008) .
Alternatively, in vitro evidence suggests that dopamine itself could be the oxidative/nitrosative stress villain, producing reactive semiquinones on the way to neuromelanin formation (Asanuma et al. 2003) . Dopamine could generate hydrogen peroxide, which can be transformed to highly reactive radicals by iron-mediated Fenton reactions. However, not all dopaminergic neurons in the brain are affected in PD, suggesting that the degeneration of dopaminergic neurons in substantia nigra compacta might involve factors that are not related to dopamine metabolism. At the present time, most post-mortem results were obtained after a long evolution of the neurodegenerative disease and patients receiving drug treatment during life. It is not clear how the treatments could influence results. The main point that needs to be clearly determined is if this oxidative process described in the brain is cause or consequence of the neuronal death (Prediger et al. 2011; Del-Bel et al. 2011 ). This will be only addressed when presymptomatic diagnosis of the neurodegenerative disease is possible.
Neurotoxins in Glial Cells and Neuroprotective Mechanisms (MA, GJG)
As the two major glial cell types in the brain, astrocytes and microglia play pivotal but different roles in maintaining optimal brain function. Astrocytes are metabolically coupled with neurons and this relationship is best exemplified by neuronal dependence on thiols that originate from astrocytes for the maintenance of optimal glutathione (GSH) concentrations (Dringen and Hirrlinger 2003) , the major antioxidant (*90%) of intracellular non-protein thiols. The synthesis of GSH is a two-step process, commencing with the formation of c-glutamylcysteine from cysteine and glutamate [via c-glutamylcysteine (c-GS) synthase] and followed by the addition of glycine (via GSH synthetase). It is noteworthy that GSH concentrations in neurons are several-fold lower versus astrocytes (Sagara et al. 1993) . Accordingly, when cellular vulnerability is considered within the context of damage induced by the generation of ROS, neurons are at significantly greater risk, as their GSH levels are depleted at a faster rate (vs. astrocytes). Toxic injury that is mediated via excitotoxic mechanisms also bears a consideration on the astrocyteneuronal interdependence. Optimal synaptic glutamate concentrations are maintained by the glutamate aspartate transporter (Storck et al. 1992 ) and the glutamate transporter 1 (GLT1) (Lehre et al. 1995) , and both these transporters are predominantly localized on astrocytes. Low synaptic extracellular glutamate concentrations are dependent upon optimal function by these transporters, and toxins that enhance astrocytic ROS levels may not only consume metabolites that are destined for GSH synthesis in neurons, but intracellular ROS will also directly inhibit GLT1 function. Combined, these events will feed forward in an unabated fashion, compromising GSH levels both in neurons and astrocytes and concomitantly increasing synaptic glutamate concentrations.
Drugs of Abuse with Neuroprotective Effects (YT, RM, MAC)
Drugs of abuse such as cannabinoids can be used for therapy due to their neuroprotective effects. In Alzheimer's disease (AD), for example, cannabinoids can prevent microglial activation, which is a characteristic feature in AD. It has been shown that the phytocannabinoid, cannabidiol, which lacks psychoactivity effects, can control microglial cell function and induce neuroprotective effects in a mouse model of AD. This neuroprotective effect consists of preventing the induction of b-amyloid microglial activation, both in vivo and in vitro, by involving no. #33 cannabinoid (CB) receptors (Martin-Moreno et al. 2011) . Similarly, in Huntington's disease, cannabinoid receptors also take part in neuroprotection. The early downregulation of CB1 receptors in Huntington's disease decreases striatal brain-derived neurotrophic factor expression, accelerating striatal damage (Blazquez et al. 2011) . The activation of CB2 receptors, on the other hand, reduces brain edema, striatal neuronal loss, motor symptoms, and neuroinflammation. This suggests a key role of CB2 receptors in diminishing microglial activation and in preventing neurodegeneration (Palazuelos et al. 2009 ). Moreover, amphetamine derivatives like methamphetamine or 3,4-methylenedioxymethamphetamine (MDMA), also known as ecstasy, induce neurotoxicity accompanied by astrogliosis and microgliosis (Granado et al. in press, 2010 (Granado et al. in press, , 2011 and Delta(9)-tetrahydrocannabinol, the main psychoactive component of cannabis, has been shown to counteract this neurotoxic effects induced by MDMA (Tourino et al. 2010) . This neuroprotective effect is mediated by the activation of CB1 and possibly CB2 receptors, which reduces the hyperthermic and neuroinflammatory response caused by MDMA (Tourino et al. 2010 ). In conclusion, it has been demonstrated that cannabinoids can have neuroprotective effects, and this can be exploited for therapeutic strategies against neurodegenerative diseases such as Alzheimer's and Huntington's or the toxic effects of amphetamine derivatives.
One of the most common drugs of abuse, alcohol (ethanol), also appears to be a double-edged sword with regard to the brain. While chronic alcohol abuse is a major worldwide factor in causing neurodamage and dementia, recent epidemiological meta-analyses indicate that modest, responsible alcohol intake (1-2 drinks daily) among older individuals may reduce the risk of cognitive decline or even Alzheimer's disease (Peters et al. 2008; Anstey et al. 2009 ). Although the consumption of wine tends to be the most effective, other alcoholic beverages are linked to lowered risks as well. Experimental studies with rat brain cultures (organotypic slices, dispersed primary cells) now provide evidence that alcohol alone in low-moderate concentrations, particularly within a pretreatment or preconditioning paradigm, can neuroprotect against inflammatory proteins such as amyloid-beta, the neurotoxin most often associated with Alzheimer's . Similarly, it has been recently demonstrated that alcohol at low to moderate concentrations can protect against salsolinol, an agent implicated in PD, in neuroblastoma derived SH-SY5Y cells (Ramlochansingh et al. 2011) . The neuroprotective signal transduction pathway stimulated by alcohol preconditioning fits the sensor ? transducer ? effector model elaborated Neurotox Res (2012) 21:49-56 53 initially for ischemic preconditioning (Dirnagl et al. 2003) . Synaptic NMDA receptors, which can activate neuroprotective pathways, emerge as possible alcohol preconditioning sensors, since they are upregulated early; indeed, NMDA receptor antagonists block downstream transducers ? effectors, and ultimately neuroprotection (Mitchell et al. 2009 ). Transducing the NMDA receptor signals apparently involves activation of kinases, particularly protein kinase Ce (PKCe) and focal adhesion kinase ). Neuroprotective effectors that are then subsequently upregulated via these kinases include heat shock proteins (HSP70 and HSP27 in both neurons and astrocytes-and blocking their upregulation suppresses neuroprotection) and, interestingly, peroxiredoxins (antioxidant enzymes known to be potentiated by synaptic NMDA receptor activation). With detailed knowledge of these preconditioning routes and players, it is conceivable that less hazardous agents could be discovered that mimic alcohol's signaling pathways and facilitate ''neuroprotective aging.'' For example, dithiole-3-thione (D3T) is a cruciferous vegetable constituent that, when used as a preconditioning stimulator with brain cultures, acts like alcohol in increasing peroxiredoxin levels and antagonizing amyloid-beta induced neurotoxicity (Mitchell et al. 2011 ).
Summary
The overarching theme of this mini-review is the complexity of the endogenous response to neurotoxins, traumatic injury, and the progression of neurodegenerative disease. Several issues are identified which, in part, form the basis of this complexity. Oxidative stress is common to all of these conditions, but it is not clear whether it is an initiator of the disorder or whether it is a downstream consequence of neural cell dysfunction. The synthesis of glutathione and other non-protein thiols is one response to oxidative stress, but to be effective it requires the coordinated interaction of glial cells and neurons. Like oxidative stress, neuroinflammation is observed in most neural disorders and there is vigorous debate about whether it underlies disease progression (Glass et al. 2010) . It is perhaps significant that three neuroprotective agents discussed here, MT, cannabinoids, and ethanol (moderate concentrations), tend to reduce neuroinflammation via direct actions on activated glial cells. Furthermore, these agents have multiple sites of action and likely modulate both glial and neuronal protective pathways. In light of the overlapping pathways thought to be triggered during neurodegeneration or injury, one suggestion is that efficacious treatments may be based on agents which have multiple effects which, although perhaps quantitatively small individually, are synergistic, particularly over the time course associated with most neurological disorders.
